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SUMMARY

This paper addresses the application of ultrasonic sensing to damage assessment in ceramics and
ceramic matrix composites. It focuses on damage caused by thermal shock or oxidation at elevated tem-
peratures, which often results in elastic anisotropy. This damaged-induced anisotropy is determined by
measuring the velocities of ultrasonic waves in different propagation directions. Thermal shock damage is
assessed in ceramic samples of reaction bonded silicon nitride (RBSN). Thermal shock treatment from
different temperatures up to 1000 °C is applied to produce the microcracks. Results indicate that most
microcracks produced by thermal shock are located near sample surfaces. Ultrasonic measurements using
the surface wave method are found to correlate well with measurements of degradation of mechanical
properties obtained independently by other authors using destructive methods. Oxidation damage is
assessed in silicon carbide fiber/reaction bonded silicon nitride matrix (SCS-6/RBSN) composites. The
oxidation is done by exposing the samples in a flowing oxygen environment at elevated temperatures, up
to 1400 °C, for 100 hr. The Young’s modulus in the fiber direction as obtained from ultrasonic measure-
ments decreases significantly at 600 °C but retains its original value at temperatures above 1200 °C.
This agrees well with the results of destructive tests by other authors. On the other hand, the transverse
moduli obtained from ultrasonic measurements decrease continually until 1200 °C. Measurements on the
shear stiffnesses show behavior similar to the transverse moduli. The results of this work show that the
damage-induced anisotropy in both ceramics and ceramic matrix composites can be determined success-
fully by ultrasonic methods. This suggests the possibility of assessing damage severity using ultrasonic
techniques.

INTRODUCTION

The inherent brittleness of ceramic materials often results in catastrophic failure due to microcrack
damage caused by thermal treatment or mechanical loading. Usually the microcracks arise from grain
anisotropy and will be of approximately grain size. Once the grain size in ceramics exceeds the critical
limit, microcracks form spontaneously, thus resulting in an increase in microcrack density. As a result,
permanent degradation in stiffness and strength and change in elastic anisotropy will occur in micro-
cracked ceramics. A schematic four-stage pattern has been established for temperature dependence of
strength degradation in alumina due to thermal shock (refs. 1 and 2).

The fracture resistance of the ceramic materials can be improved by reinforcing them with continuous
fibers. However, in a high temperature environment the fiber-matrix interfaces in ceramic matrix



composites often suffer from oxidation reactions caused by diffusion of oxygen through the matrix. It is
known that the properties of ceramic materials reinforced by continuous fibers are dominated by the
interface. Thus, ceramic matrix composites subjected to thermal oxidation treatments may not retain the
desired strength and toughness (ref. 3).

In this study we applied ultrasonic techniques to assess the damage in ceramics due to thermal shock
and the damage in ceramic matrix composites due to thermal oxidation. By measuring the damage-
induced elastic anisotropy, we aimed to correlate ultrasonic measurements with the degradation in
mechanical properties of ceramics and ceramic matrix composites.

EXPERIMENTAL APPROACH

All the SiC/RBSN composite and RBSN ceramic samples used in this study were obtained from NASA
Lewis Research Center. One unidirectional [0],; SiC/RBSN composite sample (745) and a monolithic
RBSN sample (723) were used in this study. The composite sample has 30 percent fiber fraction and
30 percent matrix porosity. The monolithic RBSN sample has 22 percent porosity. Both as-received and
oxidized samples have smooth surfaces; thus further surface finishing is not required.

For ultrasonic assessment of thermal shock damage, RBSN ceramic samples were first given thermal
shock from a predetermined temperature and then evaluated by both bulk and surface wave methods.
Thermal shock is applied to the samples by first slowly heating them to elevated temperature, then hold-
ing at stabilized temperature for at least 15 min, followed by quenching into ice water.

For ultrasonic assessment of thermal oxidation damage, the composite sample 745 was cut into three
pieces for thermal oxidation experiments after the initial ultrasonic evaluation had been done. The ther-
mal oxidation treatment is applied to the samples by directly heating the samples in flowing oxygen for
100 hr at different temperatures. The effect of damage due to thermal oxidation was evaluated using the
bulk wave method after the samples had been heat treated in an oxygen environment at elevated temper-
atures and by comparison with ultrasonic results obtained prior to oxidation.

In this study, different ultrasonic techniques (refs. 4 and 5) for the measurement of bulk and surface
properties are used. For the bulk properties, a self-referenced bulk wave method (ref. 4) is used. The basic
idea of this method is illustrated schematically in figure 1. In this method the phase velocity at normal
incidence is measured with high precision by overlapping multiple reflected signals from the front and
back surfaces of the sample. Phase velocities at oblique incidence are calculated using the phase velocity
in the normal direction and the time delay change for the rotated sample (due to the acoustic path length
change in the sample relative to that at normal incidence):
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Here V, is the phase velocity at normal incidence, V| is the sound speed in water, h is the thickness of
the sample, At, = 2h(1/V, — 1/V, ), and Aty is the difference in the time-of-flight measurements be-
tween normal incidence and arbitrary oblique incidence at incident angle 6. Short pulses (1 to 1.5 periods)
with central frequencies 2.25 or 5 MHz were used in the self-referenced measurements.



According to Hasselman (ref. 1) numerous microcracks will initiate from sample surfaces as the ther-
mal shock treatment is applied to alumina. Thus an effective technique for assessment of thermal shock
damage should be sensitive to the property change in the near-surface region. For this reason, a surface
wave method (ref. 5) measuring the Rayleigh wave velocity is used. The velocity of the Rayleigh wave is
very useful for characterizing the change of near-surface properties due to surface wave energy localiza-
tion. Using Snell’s law, the Rayleigh wave velocity can be determined by

A"
VR = - ° (2)
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where Vg is the Rayleigh wave velocity and fp is the Rayleigh critical angle. Here 0y can be measured
precisely by finding the incident angle corresponding to the dip in the reflection coefficient curve.

Ultrasonic measurements were made in the computer-controlled goniometer shown in figure 2. Angle
resolution and repeatability were better than 0.01 deg. The water temperature inside the goniometer was
stabilized at 29.840.2 °C. The advantage of this experimental system is that both transmitted and reflec-
ted ultrasonic signals can be measured at oblique incidence using one transducer. The received signal is
averaged and digitized by a LeCroy 9400 125-MHz digital oscilloscope. The time delay is measured as a
function of incident angle and is used to calculate wave propagation velocities at different refraction
angles.

ULTRASONIC ASSESSMENT OF THERMAL SHOCK DAMAGE IN RBSN CERAMICS

As a result of thermal shock, numerous microcracks are formed in ceramics resulting in permanent
reduction of strength and elastic moduli. A schematic representation of strength as a function of thermal
shock severity is shown in figure 3.

Following Boley and Weiner (ref. 6) and Hasselman (ref. 2), it can be shown that tensile strength after
thermal shock S, can be estimated by
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where E is the Young’s modulus of the ceramic after thermal shock, S, is the original strength of the
material, G, is the fracture energy per unit area in the thermal shock experiment, G, is the surface frac-
ture energy in a strength test experiment, Ng is the crack density per unit area, and b is the rod diam-
eter. It has been suggested by several investigators (ref. 7) that G, = G, = G where G is the surface
fracture energy of the undamaged material. Note that equation (3) predicts that the post thermal shock
strength is proportional to E%/* and 1 / s/S: . Since the change in elastic properties can be evaluated by
ultrasonic techniques, this equation thus serves as the basis for ultrasonic assessment of damage and
strength prediction by measuring the elastic properties of damaged material.

Monolithic RBSN samples after thermal shock from different elevated temperatures were investigated
by both bulk wave and surface wave methods. Figure 4 shows the changes of Rayleigh critical angle due
to thermal shock from different temperatures. The measurements were obtained using short pulses with a



central frequency of 2.25 MHz. Note that the change in Rayleigh critical angle due to thermal shock from
temperatures above 400 °C is more than 1° (5 percent), which indicates that the surface wave method is
relatively sensitive to damage due to thermal shock. Figure 5 shows results of bulk wave measurements
for longitudinal waves. It is found that monolithic RBSN ceramics become anisotropic after thermal shock
from temperature higher than 425 °C. However, the changes in bulk wave measurements due to thermal
shock from 800 °C are found to be less than 3 percent. From the results of both methods, we conclude
that the effect of damage due to thermal shock from temperatures below 800 °C is mainly on surface
properties rather than bulk properties. In other words, most of the damage resulting from thermal shock
is located near the surface. This also explains why four-point bending tests are more sensitive to damage
due to thermal shock than are tensile tests (ref. 8). Moreover, the reduction of Rayleigh wave velocities
due to thermal shock is very similar to the reduction of ultimate bending strength. Figure 6 shows the
reduction of Rayleigh wave velocities and ultimate bending strength in the same graph. It is clear that
the ultrasonically-measured data is well correlated with the results of four-point bending tests. This
means that the surface wave method might be useful for examining the effect of damage on the ultimate
strength of ceramic materials and for determination of the critical temperature for thermal shock. It is
also important that the critical temperature corresponding to damage initiation can be determined with
confidence by the ultrasonic method.

ULTRASONIC ASSESSMENT OF THERMAL OXIDATION DAMAGE

SiC/RBSN composite are composed of CVD SiC fibers (SCS-6 from Textron), porous RBSN (SizN,)
matrix and a carbon-rich coating as the interface between fiber and matrix. The CVD SiC fiber has a
complex microstructure with a graphite-coated carbon core in the center surrounded by a transition zone
and then a layer of §-Sic. The carbon-rich coating on the fiber surface is basically a mixture of graphite
carbon and fine SiC particles. The RBSN matrix (Si;N,) has 20 to 40 percent porosity and a small amount
of unreacted silicon. Most pores in the matrix are interconnected, which allows the oxygen to reach the
fiber-matrix interface. From the components of SiC/RBSN composites and their microstructure, several
oxidation reactions in an oxidizing environment at high temperature can be expected (ref. 3):

25iC + 30, — 28i0, + 2CO (4)
SisN, + 30, — 3Si0, + 2N, ' (5)
2C + O, — 2CO (6)
C + 0, — CO, (7)

Si + 0, — Si0, (8)

The oxidation reactions (eqgs. (5) and (8)) might affect the properties of the RBSN matrix. The oxidation
reactions (eqs. (6) and (7)) may lead to degradation of the carbon core and the fiber-matrix interface.
The oxidation reactions (egs. (4) and (8)) might cause degradation of the SiC fiber. According to Bhatt
(ref. 3) the strength and stiffness of SiC/RBSN composites are severely reduced after oxidation at differ-
ent temperatures. It is clear that the reduction in mechanical properties of the composites should be the



results of the above oxidation effect. However, among different oxidation mechanisms which one is the
dominant mechanism for the degradation in mechanical properties of the composites is still not very clear.
Identifying the dominant oxidation mechanism for composite degradation is crucial for improving the
high-temperature stability of ceramic matrix composites. Thus, one of the objectives of the present work
is to investigate the dominant oxidation mechanism for the degradation in mechanical properties of
ceramic matrix composites. Different oxidation mechanisms will result in different elastic anisotropy. By
measuring the elastic anisotropy caused by oxidation at different temperatures, we can identify the
dominant oxidation mechanism. This is done by analyzing the correlation between composite microstruc-
tures and ultrasonic measurements.

The composite sample (745) which had been evaluated prior to oxidation study was cut into three
pieces (745a, 745b, and 745¢) for experiments on thermal oxidation at different temperatures. The tem-
peratures for thermal oxidation of these samples were fixed at 600, 1200, and 1400 °C, respectively. The
samples after heat treatment in flowing oxygen for 100 hr were evaluated using the bulk ultrasonic wave
method. A 2.25-MHz transducer was used for all the samples because of the high attenuation due to
damage in SiC/RBSN composites caused by thermal oxidation.

As a result of oxidation damage, the elastic anisotropy of the composite samples changes, which results
in different angular dependence of the ultrasonic phase velocities. Figure 7 shows the comparison between
the ultrasonic measurements of phase velocities for both quasi-longitudinal and quasi-shear waves before
and after oxidation at 1200 °C. As one can see significant change in phase velocities of both waves and
their angular dependence is found due to oxidation damage. From the velocity data for samples oxidized
at different temperatures, their elastic properties can be obtained using the nonlinear least-squares opti-
mization procedure described in reference 4. Figure 8 shows an example of this optimization, where the
measured data are shown as discrete points and the solid lines are theoretical values calculated from the
reconstructed elastic constants. Results of this optimization are listed in table I. The material density
before and after oxidation is also listed in table I. As one can see from the density data impregnation of
pores by water during the immersion measurements is significantly reduced after oxidation at tempera-
tures above 1200 °C. This reduction in water saturation density agrees consistently with Bhatt’s study
(ref. 3). According to Bhatt, a layer of oxide diffusion barrier was found on the surfaces of the samples,
which minimizes the diffusion of oxygen through the pores. In our experiment, we found that this oxide
layer actually blocks most of the matrix porosity (originally open and interconnected) from the surround-
ing environment.

With the results shown in table I, one can estimate the Young’s modulus for samples oxidized at dif-
ferent temperatures. The effect of thermal oxidation on the Young’s modulus in the fiber direction is
shown in figure 9 where the circular points are results of tensile tests reported by Bhatt (ref. 3) and the
rectangular points are results of ultrasonic measurements. As one can see, the agreement between these
two results is good.

Two possible mechanisms for the reduction of mechanical properties are suggested in Bhatt’s report
(ref. 3). One is the oxidation of the fiber surface coating and the other is the oxidation of the carbon core.
According to Bhatt, the oxidation of the carbon core at temperatures beyond 400 °C extends at least
20 mm from the sample ends. Oxidation of the fiber coating was found at 600 and 1000 °C in the cross
section 25 mm from the sample ends. It is known that the effect of the fiber-matrix interface should be
reflected mostly in the transverse and shear stiffnesses, but only slightly in the longitudinal stiffness.
Thus the ultrasonic results suggest that the dominant mechanism for the reduction of the transverse
moduli C,, and Cj; listed in table I should be the oxidation of the fiber coating.



The dominant mechanism for the reduction of the longitudinal stiffness (especially at 600 °C) is still
not very clear. However, from the micromechanical analysis of ceramic matrix composites (ref. 4), the
reduction of the longitudinal stiffness should be mainly due to the degradation of the SiC fiber. Also it
should be noted that the samples used for ultrasonic evaluation are shorter (58 mm for 600 °C, 30 mm
for 1200 °C, and 28 mm for 1400 °C) than those used for tensile tests (127 mm each). Oxidation
through the sample ends could be crucial for shorter samples.

SUMMARY

This study focuses on nondestructive assessment of thermally induced damage in ceramics and ceramic
matrix composites. Both ultrasonic bulk wave and surface wave methods were used to assess thermal
shock damage in ceramics and thermal oxidation damage in ceramic matrix composites. The foundation
of ultrasonic damage assessment lies in the effect of damage on elastic properties. Ultrasonic measure-
ments indicate that damage due to thermal shock is located near the surface; thus the surface wave has
been found to be most appropriate for estimation of ultimate strength reduction and critical temperature
for thermal shock. The angular dependence of both shear and longitudinal velocities has been found to be
affected by thermal oxidation. The behavior of different elastic constants obtained by ultrasonic measure-
ments suggests that the dominant mechanism for the reduction of the transverse and shear properties is
oxidation of the fiber-matrix interface, while the reduction of the longitudinal stiffness could be due to
degradation of SiC fibers. On the whole nondestructive evaluation of thermal oxidation effects and ther-
mal shock shows good correlation with previously performed measurements by destructive methods.
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TABLE L.—PROPERTIES OF SiC/RBSN COMPOSITES BEFORE
AND AFTER OXIDATION

Properties/Sample, GPa 745 T45A 745B 745C
Density (dry), g/cc 2.51 2.48 2.55 2.50
Density (wet), g/cc 2.70 2.68 2.58 2.59
Cy 207 161 203 203
Cys 118 87.7 67.5 78.6
Css 120 79.4 55.4 66.6
Crz 32.3 N/A N/A 20.1
Cis 32.0 28.9 15.9 20.1
Cys 33.4 N/A N/A 17.9
C,. 40.1 N/A N/A 26.3
Cqs 45.2 24.0 24.4 30.6
Coe 43.4 N/A N/A 31.2
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